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510
\l Select a plurality of potential data items for migration

!

520 \ Select a plurality of potential migration destinations to which said potential
data items can be moved

|

530
\ Select a plurality of potential migration speeds at which said potential data
items can be moved

|

532
\ Select a migration speed below a threshold speed, whersin said threshold
speed defines a maximum system utility loss permitted

'

540
\ Select a plurality of potential migration times at which said potential data
items can be moved to said potential data migration destinations

'

550 At least one of said selecting of said plurality of said potential data items for migration, said selecting of
\ said plurality of potential migration destinations, said selecting of said plurality of potential migration
speeds, and said selecting of said plurality of potential migration times comprises predicting at least
one of future workload request rates and future system performance based on at least one of historic
workload demands, current workload demands, simulation models, device-specific information, and
expert input

|

560 At least one of said selecting of said plurality of said potential data items for migration, said selecting of
said plurality of potential migration destinations, said selecting of said plurality of potential migration
\ speeds, and said selecting of said plurality of potential migration times comprises balancing an effect
on said potential system utility gain of foreground task migration and an effect on said potential system
utility gain of background task migration, and selecting at least one of said foreground task migration
and said background task migration based on said balancing

|

57 . . . o . .
0 \ Calculate potential system utility gain associated with different migration
combinations of said potential data items, said potential migration destinations,
said potential migration speeds, and said potential migration times

v

580
\{ Evaluate a risk of system utility loss associated with each of said migration combinations

562 v
\ At least one of calculating a probability of system utility loss as a result of incorrectly predicting at least one

of said future workload request rates and said future system performance, and calculating a probability of
system utility loss as a result of selecting a migration combination that results in system utility loss

v

590 ™\ Select a migration combination from said migration combinations that has a highest net system
utility gain based on said potential system utility gain and said risk of system utility loss

FIG. 5
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RISK-MODULATED PROACTIVE DATA
MIGRATION FOR MAXIMIZING UTILITY IN
STORAGE SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 11/681,971 filed Mar. 5, 2007, the complete disclosure of
which, in its entirety, is herein incorporated by reference.

This invention was made with Government support under
Contract No. H98230-05-3-0001 awarded by Intelligence
Agencies. The Government has certain rights in the invention.

BACKGROUND

1. Field of the Invention

The embodiments of the invention provide a method, com-
puter program product, etc. for risk-modulated proactive data
migration for maximizing utility.

2. Description of the Related Art

Growing consolidation of storage systems necessitates
resource sharing among multiple competing applications
with different access characteristics and Service Level Objec-
tives (SLOs). The goal of storage management is to allocate
the resources to each application such that the number of
SLOs satisfied is maximized. The decision-making for
resource allocation is not a one time task, but rather an ongo-
ing process due to the existence of workload variations, appli-
cation changes, system exceptions (failures and load surges),
the resource to application mapping is not a static one-time
task and administrators often trigger corrective actions to
adjust resource allocation dynamically.

Migration is one of the commonly used corrective
actions—it changes the resources allocated to a specific
application. Existing commercial tools help in the decision-
making for what dataset to migrate and where to migrate.
Also, there is ongoing research on deciding the migration
speed using feedback loop.

However, migrating data in large scale storage systems that
are always full with a continuously high load has additional
challenges not addressed by existing research. First, the deci-
sion for when to start migration must be made. It has been
commonly assumed that migration is triggered by the admin-
istrators, typically when the system is lightly loaded (for
example, at night) or reactively when problem happened
(mostly as background task). The decision for when to start
migration is nontrivial since it needs to take account the
workload trends, current impact on the utility of applications,
etc. Additionally, migration needs to be planned in advance
since moving terabytes of data can take days or weeks. In
summary, automatically deciding when to start migration
action must be considered.

Furthermore, existing research makes migration decisions
based on the “current” system state—there is a lack of con-
sideration for the long-term temporal behavior leading to
sub-optimal solutions and wastage of system resources (in
moving unnecessary data around) or failure to prevent
resource contention problems proactively (resulting in more
SLO violations than desired).

Additionally, there is always a certain amount of risk
involved in moving data—the models for workload growth
may have a high volatility or a transient overload may be
misunderstood as a permanent load pattern. Most migration
tools simply aim to maximize the storage utility—in reality it
is required to maximize utility with minimal risks.
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2
SUMMARY

A framework is provided that answers all four questions
related to migration: what, where, how and when. The deci-
sions are modulated by the risk involved in terms of the
accuracy of the growth predictions, and the resource overhead
to reverse a decision. Embodiments herein use a combination
of optimization and planning schemes—the optimization
phase decides the “what” and “when” by formulating these as
a constraint optimization problem with the objective to maxi-
mize the overall system utility for a given provisioning win-
dow. The output of the optimization is not just a single solu-
tion but rather the top-K options. For each of these options,
the planning phase decides the when and how—it may be
possible that there may not be a feasible when-how combi-
nation for all the top-K options. Finally, the migration plans
(what, where, when, how) are analyzed for the level of risk
involved.

The embodiments of the invention provide a method, com-
puter program product, etc. for risk-modulated proactive data
migration for maximizing utility. More specifically, a method
of'planning data migration for maximizing utility of a storage
infrastructure that is running and actively serving at least one
application includes selecting a plurality of potential data
items for migration and selecting a plurality of potential
migration destinations to which the potential data items can
be moved. Moreover, the method selects a plurality of poten-
tial migration speeds at which the potential data items can be
moved and selects a plurality of potential migration times at
which the potential data items can be moved to the potential
data migration destinations. The selecting of the plurality of
potential migration speeds selects a migration speed below a
threshold speed, wherein the threshold speed defines a maxi-
mum system utility loss permitted.

Furthermore, the selecting of the plurality of the potential
data items for migration, the selecting of the plurality of
potential migration destinations, the selecting of the plurality
of potential migration speeds, and/or the selecting of the
plurality of potential migration times includes predicting
future workload request rates and/or future system perfor-
mance. Such predictions are based on historic workload
demands, current workload demands, simulation models,
device-specific information, and/or expert input. Addition-
ally, the selecting of the plurality of the potential data items
for migration, the selecting ofthe plurality of potential migra-
tion destinations, the selecting of the plurality of potential
migration speeds, and/or the selecting of the plurality of
potential migration times includes balancing an effect on the
potential system utility gain of foreground task migration and
an effect on the potential system utility gain of background
task migration. The foreground task migration and/or the
background task migration is selected based on the balancing.

Following this, the method calculates potential system util-
ity gain associated with different migration combinations of
the potential data items, the potential migration destinations,
the potential migration speeds, and the potential migration
times. Next, a risk of system utility loss associated with each
of the migration combinations is evaluated. This could
involve calculating a probability of system utility loss as a
result of incorrectly predicting the future workload request
rates and/or the future system performance. A probability of
system utility loss as a result of selecting a migration combi-
nation that results in system utility loss could also be calcu-
lated. Subsequently, a migration combination is selected from
the migration combinations that have a highest net system
utility gain based on the potential system utility gain and the
risk of system utility loss.
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Accordingly, the embodiments of the invention provide a
method and system for large scale data migration in systems
that “never sleep” with the ability to optimize for current as
well as look-ahead states. The methods and systems herein
decide on invocation time with minimal impact on system
performance and prioritize the migration process as fore-
ground or background tasks based on utility impact. Further-
more, risk evaluations of different migration plans are per-
formed, as well as performance modeling and time-series
workload forecasts.

These and other aspects of the embodiments of the inven-
tion will be better appreciated and understood when consid-
ered in conjunction with the following description and the
accompanying drawings. It should be understood, however,
that the following descriptions, while indicating preferred
embodiments of the invention and numerous specific details
thereof, are given by way of illustration and not of limitation.
Many changes and modifications may be made within the
scope of the embodiments of the invention without departing
from the spirit thereof, and the embodiments of the invention
include all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the invention will be better under-
stood from the following detailed description with reference
to the drawings, in which:

FIG. 1 is a diagram illustrating migration regions;

FIG. 2 is a diagram illustrating overall solution utility loss;

FIG. 3 is atableillustrating formulation of finding data new
placement;

FIG. 4 is a flow diagram illustrating an optimization phase;

FIG. 5 is a flow diagram illustrating a method for risk-
modulated proactive data migration for maximizing utility in
storage systems; and

FIG. 6 is a diagram illustrating a computer program prod-
uct for risk-modulated proactive data migration for maximiz-
ing utility in storage systems.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The embodiments of the invention and the various features
and advantageous details thereof are explained more fully
with reference to the non-limiting embodiments that are illus-
trated in the accompanying drawings and detailed in the fol-
lowing description. It should be noted that the features illus-
trated in the drawings are not necessarily drawn to scale.
Descriptions of well-known components and processing
techniques are omitted so as to not unnecessarily obscure the
embodiments of the invention. The examples used herein are
intended merely to facilitate an understanding of ways in
which the embodiments of the invention may be practiced and
to further enable those of skill in the art to practice the
embodiments of the invention. Accordingly, the examples
should not be construed as limiting the scope of the embodi-
ments of the invention.

The embodiments of the invention provide a method and
system for large scale data migration in systems that “never
sleep” with the ability to optimize for current as well as
look-ahead states. The methods and systems herein decide on
invocation time with minimal impact on system performance
and prioritize the migration process as foreground or back-
ground tasks based on utility impact. Furthermore, risk evalu-
ations of different migration plans are performed, as well as
performance modeling and time-series workload forecasts.
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Migration can be triggered in two modes: reactively trig-
gered or proactively triggered. Reactive triggering happens
after SL.Os are violated and proactive triggering is before
system runs into bad-state and can be done through periodic
examination. After a migration tool box is triggered, it takes
input from a future prediction engine, a performance predic-
tion engine, a utility evaluation engine and makes migration
decisions in two phases: optimization phase and planning
phase. The optimization phase decides what and where to
migrate with the goal of optimizing system utility gain (or, in
another word, minimize system utility loss) for the given
provisioning window. The optimization phase will return
multiple migration candidates pairs (what, where) and send
them to the planning phase. The planning phase gives a
detailed plan including migration speed and starting time for
each migration candidate. Finally, the risk analysis engine
performs risk assessment on all migration candidates and
returns the one leading to best trade-offs of risk and utility
gain.

The methods and systems herein comprise an optimization
phase, a planning phase, and a risk modulation phase. The
optimization phase finds the top-K answers for what to
migrate and where. The planning phase finding the best when
and how options for each of the top-K answers. Finally, the
risk modulation phase evaluates the risk associated with dif-
ferent migration plans and selects a migration plan with maxi-
mal benefit and minimal risk. Time series prediction, perfor-
mance models, workload utility functions are utilized as input
parameters. More specifically, in regards to the time series
prediction, a future prediction engine is responsible for pre-
dicting the future workloads demands. It takes historic data as
input and outputs predicted workload request rates. There are
several existing methods that can be used for time series
prediction. The general form of the time-series function is as
follows:

yt+h:g(Xt5e)+Et+h (1)
where: y, is the variable(s) vector to be forecast; t is the time
when the forecast is made; X, are predictor variables, which
usually include the observed and lagged values of y, till time
t; 0 is the vector of parameter of the function g; and, €, ;, is the
prediction error.

In general, by applying time-series analysis techniques, the
future prediction engine can detect trends, patterns in the
historical data and efficiently forecast the future.

The performance prediction engine takes workloads
demands as input and forecasts the corresponding system
performance. Here, the performance metrics are the com-
monly interested throughput, thru, and latency Lat.

There has been significant ongoing research in perfor-
mance prediction models for storage systems. For example,
white-box approaches establish equations using device spe-
cific information based on experts knowledge. A simulation
based approach measures the performance of targeting sys-
tem settings using a storage system simulator. Black-box
approaches require minimum expert input and device specific
information and predict performance based on past historical
information. Because the performance prediction engine
scans a large candidate space in a short time, solutions based
on simulation are not desirable because of the time overhead
involved in making performance prediction.

The white-box and black-box approaches can both serve
the purpose of performance prediction engine. In general, if
device specific information as well as expert input is avail-
able, the white-box approach is more preferred because it
normally can achieve better accuracy in future forecasting.
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However, in most cases, it is very difficult, if not impossible,
to obtain all required information and black-box approaches
are used instead. Existing solutions favor table-based
approaches; model regression-based approaches can all be
used by the performance prediction engine. The model
regression-based approach is used herein to bootstraps the
system to build models and refine models continuously at run
time.

In regards to the utility evaluation engine, the concept of
“utility” is introduced to evaluate the user’s perception of
‘satisfaction’. It can be defined using different criteria
depending on the system’s needs. The utility evaluation
engine herein is configured by the administrators to maintain
the utility function for each application (workload). When the
utility function is unclear to the administrator, which might be
a very common situation, various utility function configura-
tions can be tried. The administrators can compare different
migration decisions for different utility functions and choose
the one that matches with his or her experience or system
needs most.

The granularity of the utility function can vary depending
on information available. For example, if only the priority
value and the throughput/latency SLO values are known, the
utility function can be defined as:

o Thru @
Prix if Thru < SLOyy, and Lar < SLOy,
Ut Lar = SLOy
(hru, Lat) =1 p,; if Thiu > SLOyy, and Lar < SLOy,
0 otherwise

If more information is known, for example, if the SLO speci-
fies that the customer will be charged $1000/MB if the latency
is less than 10 ms, otherwise, $100/MB. The SLO will be
translated into following utility function:

1000 % Thru if Lar < 10ms
100 = Thru

©)

UF(Thru, Lar) = { otherwise

After utility functions are defined, the utility evaluation
engine will take the application’s performance as input and
output the system utility value, which is defined as follows:

Q)

M= 1=

®

UF(Thruy, lat;)

S

where N is the total number of applications in the system; U;
is the utility value of workload j; and, Thru, and Lat, are the
performance of application (workload) j.

A migration method provided herein utilizes the following
set of notations used in the formulation: DP,; is the predicted
demand of workload j at time t;; UF, is the utility function of
workload j; U, is the utility value of workload j at time t; and,
UL, is the utility loss of workload j at time t,. Additionally,
Len,; is the length of interval t;; T is the total number of
decision making interval t,; N is the total number of work-
loads in the system; and, M is the total number of components
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in the system. In general, the subscript represents time and
workload, i.e. subscript ti, gives information for workload j in
time t,.

A goal of the migration toolbox is to find a migration plan
that can lead to minimum system utility loss UL . For
demands D, and achieved performance (Thru,, Lat,), the sys-
tem utility loss is calculated as follows:

ULsys = Upax — Ugys

:ZULJ-
:ZUman—ZUj

= > UF{D;, SLO;,) = »" UF;(Thru, Lat))

©

In addition, if the system is viewed along the time-line, the
migration operation partitions time into three regions: Before
migration happens; migration process is Ongoing, and After
migration finishes. This is illustrated in FI1G. 1, wherein loca-
tion versus time is graphed. The Before region, the Ongoing
region, and the After region are shown along the “Time” axis.
A goal of the migration toolbox is to make decisions to
minimize the overall system utility loss (the sum over the
three regions). FIG. 2 gives the intuition on the calculation of
overall system utility loss. Specifically, utility loss is plotted
versus time for the Before region, the Ongoing region, the
After region, as well as the overall system utility loss.

As illustrated in FIG. 2, for migration operation starts from
t; with an migration lead time m,;, the overall solution utility
loss is calculated as follows:

ULw,; = ULgefore + ULongoing + ULAger @)

1
= ULy, + ULongoing + UL afier

i+my -1

SRS

=i
i-1

=D ULy, +
=1

UL,

tlsys + ULafrer

t+my—1

T

, ”
2 Ui+ D, UL,
= i

itmy

where UL, UL' and UL" are utility loss for the Before, Ongo-
ing, and After regions, respectively. The behavior in the
Before region is not affected by the migration decision and
only depends on old system settings and workload demands.
Therefore, UL can be calculated using Equation 6, above,
with old data placement settings. The performance of the
After region is determined by the what and where decisions
and UL" can be calculated similarly as UL with new data
placement plugged in. The Ongoing region is when data are
moved around and is affected by the how migration speed.
The boundaries between regions are determined by when,
how and what. Specifically, the when answer decides the
starting point of the Ongoing region and the how and what
determines the length of the Ongoing region and thereby the
starting point of the After region. In summary, the answers to
each question will affect the final UL, ...

Finding migration solution is a non-polynomial (NP) com-
plete problem because even the what and where can be
reduced to the set number problems. In order to reduce the
complexity, the decision making procedure is broken down
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into two phases: the optimization phase and the planning
phase. The optimization phase deals with the After region: it
solves what and where. The planning phase deals with the
Ongoing region and the region boundaries: it solves when and
how. At each phase, the selection criteria are still based on the
final goal of minimizing system utility loss. The trade-oft of
solving the problem sequentially is the optimality of the final
answer cannot be guaranteed.

The optimization phase decides the what and where. The
After region reflects migration operation’s “permanent”
effect: system setting is altered “permanently” by migration
the “what” datasets to “where”. The state of the After region
represents resource reallocation results and the system set-
tings that the system is optimized toward. The goal of the
optimization phase is to find an “optimal” data placement
plan such that the system utility loss can be minimized. Itis a
constraint optimization problem formulated in FIG. 3, where
UF,, is the utility function of workload n and Perf,,,, is the
predicted performance of workload n on component m; 5 nm
is the optimization variable and s,,,,=1 if workload n is placed
on component m and s,,,,=0 otherwise.

The constraint represents the limitation that one workload
can only be placed in one component. The optimization prob-
lem is very complicated because the utility function can be of
any format. Further, Perf,, can be of any format and is related
to other workloads running on component m. Because of the
complexity, the classic optimization approximation tech-
nique is used, i.e., a greedy method to find the approximated
optimal solution. The method is summarized in a flow dia-
gram shown in FIG. 4.

Specifically, UL from time 1 to T is calculated (item 410)
and t; with maximum UL is found (item 420). The migration
candidate Set S is set to EMPTY (item 430). Next, UG, is
calculated by putting workload j to the least loaded compo-
nent Comp_min (item 440). If MAX(UG)) is below a thresh-
old, then the migration candidate Set S is output (item 450 A).
If MAX(UG)) is above the threshold, then (workload j,
Comp_min) 1s added to the migration candidate Set S (item
450B) and the process repeats items 440.

In the flow diagram, the UL for time t, is calculated using
the Equation 6, above, and UG; is defined as the utility gain of
moving workload j to the least loaded component. It can be
calculated as follows: first, the predicted performance is cal-
culated using the performance model. Secondly, the UL",  is
calculated using utility functions. Finally, the UG, is the dif-
ference of UL, (before migration) and the UL",, (after
migration). In addition, the selection of threshold reflects the
trade-offs between convergence speed and quality of returned
solution.

In order to return multiple migration candidate sets, for
each workload j, a value V. is assigned as 0 initially. Next, for
each run of the flow diagram in FIG. 4, for the returned
migration candidate set S, the workload j with minimum
UG /=size, ratio is found and its V is set as 1. Following this,
in the flow diagram, when workload leading to the maximum
UG,; is selected, only workloads with V=0 are considered.
The intuition behind this design is to remove workload can-
didates with low benefit (UG,) and high cost (size)).

The planning phase decides the when and how. As shown in
FIG. 2 and Equation 7, the answer to how and when will affect
the behavior of the Ongoing region and the boundary parti-
tions. In the planning phase, the goal is to decide the migra-
tion speed (how) and when. From Equation 7, it is apparent
that the when decision will be depending on the answer to the
how decision, therefore, migration speed will be decided first.

Inregards to deciding migration speeds, with the assistance
of the performance model, the performance impact of the
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8

migration process on the whole system can be predicted.
Therefore, migration speed optimization can be performed
accordingly. With a goal of minimizing system utility loss in
mind, the migration speed decision should be evaluated
according to the utility impact of the migration process. The
migration process will increase system utility loss tempo-
rarily because it will compete with application workloads for
the already limited resources. However, at the same time,
migration will increase the long term system utility gain
because the earlier the migration process finishes, the earlier
the system utility loss is saved. In order to account for the
utility impact of the migration process, a threshold on the
maximum utility loss allowed due to increasing migration
speed is set, which is shown in Equation 8.

UF,(DP;,, SLO ®

WjECOmpm"g

jkzr)

UBoundy; =

C

Comp,,,, is the component where the migration process is
running on and C is a positive number which reflects how
aggressive the migration process is allowed to be. The smaller
the C is, the more aggressive the migration process is.

Based on the UBound,,, the migration speed at each time
point t; is chosen using a greedy method as follows: first,
MigSpeed is set to 0. Second, MigSpeed is increased by P /O,
where P is the step-size and is a positive integer. For example,
it can be 10 or 100 depending on the desired control granu-
larity. Next, the performance for each workload in the system
is estimated using the performance model. The U',; and cor-
responding U',, is then calculated. Following this, the utility
loss due to migration process is: UL, =U', -U, .Finally,
if UL, ,,>UBound,, then the processmr%turngy to thseyzsprevious
migration speed and stops. Otherwise, the process returns to
the second step, above (i.e., MigSpeed is increased by P 1/O).
The returned MigSpeed is the maximum allowed migration
speed for time t,, represented as MigSpeed,,.

In regards to choosing the start time t,, the migration deci-
sion about “when to move” has been ignored by most migra-
tion toolboxes. Most existing migration tools assume the
decision is given by the administrator. However, the decision
on when is not always straightforward. For example, for the
same to system state, in some scenario, the migration should
be invoked immediately, i.e., if the system load is increasing
continuously such that the problem will only get worse. While
in some cases, the migration should be invoked later, i.e., if
the system will be less loaded after several hours. In addition,
sometimes the migration action should be started before the
system runs into a ‘bad’-state. In general, the decision on
when analyzes future demands and future states. In some
situation, this information is either not very straight-forward
to the administrator or cannot be directly obtained. Therefore,
it is desirable that the migration tool box has the ability to
choose the migration starting time and release the burden
from the administrator.

As shown in FIG. 2, the answer to when should be chosen
such that the overall system utility loss is minimized. From
Equation 7, the overall system utility loss if the migration is
started attime ti is related to UL, UL', UL" and m,,. Moreover,
UL and UL" can be calculated by plugging in the old and new
data placement. UL' can be decided once the migration speed
is chosen. The only missing value is m,;, which can be calcu-
lated as follows:
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MigSize,; = MigSpeed,; = Len,;

n
my; = Min[n such that Z MigSize,; = ToralMigSize

J=t

where TotalMigSize is the size of total datasets to be
migrated.

The when question can now be answered using following
method: first, for each time t,, MigSpeed,;, MigSize,,, UL, ,
UL'n.SyS, and UL"n.SyS are calculated. Next, for each time t,, the
corresponding lead time m,, is calculated if migration is
started at time t,. The method then defines BeforeUL,, and
OngoingUL,, as the utility loss in the Before and Ongoing
regions, respectively, if the migration is started at time t, and
AfterUL,, as the utility loss in the After region if migration
ends at t,. They can be calculated as follows:

i-1 9
BeforeUL; = ) ULy,
=1

itmy

OngoingUL, = Z U ,’,Syx
=

10

T (1D
AfterUL; = % ULy

I=ti+1

By defining BeforeUL and AfterUL in such a way, they can be
calculated recursively as follows:

BeforeUL,;, ,=UL,; +BeforeUL,;

sys

12

AfterUL, =UL", +AfterUL, 13)
Next, for each time t,, the utility loss of starting migration at
time t, is:

UL 4, =BeforeUL +OngoingUL +AfterUL,,,,,, 15)
The t, leading to minimum UL, ., is subsequently returned as
the chosen migration starting time.

Risk captures the probability that the utility improvement
of action invocation will be lost (in the future system-states)
as a result of volatility in the workload time-series functions.
For example, the demand for W, was expected to be 10K
IOPS after 1 month, but it turns out to be 5K (the inverse of
this problem is handled reactively). Additionally, the formu-
lation of risk should take into account the loss in utility as a
result of making the wrong decision. For example, moving
data at 11 am in a weekday morning (during high system
utilization) has a higher risk compared to moving the data at
9 pm on a weekend (during low system utilization). The
utility lost due to a wrong decision is higher in the former case
than the latter. Similarly, the impact of the wrong decision is
dependent on the amount of data moved (in the case of migra-
tion), or the cost of new hardware (in the case of hardware
planning).

There are several techniques for measuring risk—actions
for assigning storage resources among workloads are analo-
gous to portfolio management in which funds are allocated to
various company stocks. In economics and finance, the Value
at risk, or VaR, is a technique used to estimate the probability
of portfolio losses based on the statistical analysis of histori-
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cal price trends and volatilities in trend prediction. In the
context of the data migration herein, VaR represents the prob-
ability with a 95% confidence that the workload system will
not grow in the future, thereby making the action invocation
unnecessary.

VaR(95% confidence)=-1.650xVT (16)
where: o=standard deviation of the time-series request-rate
predictions, and T=the number of days in the future for which
the risk estimate holds.

The risk value RF(A)) of action i is calculated as follows:

RF(4)=(1+a)*VaR (17)
where a reflects the risk factors of an individual action (based
on its operational semantics), which is defined as follows:

=0

bytes_moved

Qpig = —————— = U,
e total_bytes on_source s

hardware_cost

=———x(1-Ux
i total_budget # fiys)

Where Uti,, is the system utilization when the action is
invoked.

The embodiments of the invention provide a method, com-
puter program product, etc. for risk-modulated proactive data
migration for maximizing utility. More specifically, a method
of'planning data migration for maximizing utility of a storage
infrastructure that is running and actively serving at least one
application includes selecting a plurality of potential data
items for migration and selecting a plurality of potential
migration destinations to which the potential data items can
be moved. As described above, the optimization phase
decides the “what” and “when” by formulating these as a
constraint optimization problem with the objective to maxi-
mize the overall system utility for a given provisioning win-
dow. The output of the optimization is not just a single solu-
tion but rather the top-K options.

Moreover, the method selects a plurality of potential
migration speeds at which the potential data items can be
moved and selects a plurality of potential migration times at
which the potential data items can be moved to the potential
data migration destinations. The selecting of the plurality of
potential migration speeds selects a migration speed below a
threshold speed, wherein the threshold speed defines a maxi-
mum system utility loss permitted. As described above, with
the assistance of the performance model, the performance
impact of the migration process on the whole system can be
predicted. With a goal of minimizing system utility loss in
mind, the migration speed decision should be evaluated
according to the utility impact of the migration process. The
migration process will increase system utility loss tempo-
rarily because it will compete with application workloads for
the already limited resources. However, at the same time,
migration will increase the long term system utility gain
because the earlier the migration process finishes, the earlier
the system utility loss is saved.

Furthermore, the selecting of the plurality of the potential
data items for migration, the selecting of the plurality of
potential migration destinations, the selecting of the plurality
of potential migration speeds, and/or the selecting of the
plurality of potential migration times includes predicting
future workload request rates and/or future system perfor-
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mance. Such predictions are based on historic workload
demands, current workload demands, simulation models,
device-specific information, and/or expert input. As
described above, time series prediction, performance models,
workload utility functions are utilized as input parameters.
Specifically, in regards to the time series prediction, a future
prediction engine is responsible for predicting the future
workloads demands. It takes historic data as input and outputs
predicted workload request rates.

Additionally, the selecting of the plurality of the potential
data items for migration, the selecting of the plurality of
potential migration destinations, the selecting of the plurality
of potential migration speeds, and/or the selecting of the
plurality of potential migration times includes balancing an
effect on the potential system utility gain of foreground task
migration and an effect on the potential system utility gain of
background task migration. The foreground task migration
and/or the background task migration is selected based on the
balancing. Following this, the method calculates potential
system utility gain associated with different migration com-
binations of the potential data items, the potential migration
destinations, the potential migration speeds, and the potential
migration times.

Next, a risk of system utility loss associated with each of
the migration combinations is evaluated. This could involve
calculating a probability of system utility loss as a result of
incorrectly predicting the future workload request rates and/
or the future system performance. For example, the demand
for W, was expected to be 10K IOPS after 1 month, but it
turns out to be 5K (the inverse of this problem is handled
reactively). A probability of system utility loss as a result of
selecting a migration combination that results in system util-
ity loss could also be calculated. For example, moving data at
11 am in a weekday morning (during high system utilization)
has a higher risk compared to moving the data at 9 pm on a
weekend (during low system utilization). Subsequently, a
migration combination is selected from the migration com-
binations that has a highest net system utility gain based on
the potential system utility gain and the risk of system utility
loss.

FIG. 6 is a flow diagram illustrating a method for risk-
modulated proactive data migration for maximizing utility in
storage systems. More specifically, the method selects a plu-
rality of potential data items for migration (item 610) and
selects a plurality of potential migration destinations to which
the potential data items can be moved (item 620). It is recog-
nized that items 610 and 620 could be performed simulta-
neously. As described above, the optimization phase decides
the “what” and “when” by formulating these as a constraint
optimization problem with the objective to maximize the
overall system utility for a given provisioning window. The
output of the optimization is not just a single solution but
rather the top-K options.

Moreover, in item 630, the method selects a plurality of
potential migration speeds at which the potential data items
can be moved. This can include, in item 632, selecting a
migration speed below a threshold speed, wherein the thresh-
old speed defines a maximum system utility loss permitted.
As described above, with the assistance of the performance
model, the performance impact of the migration process on
the whole system can be predicted. With a goal of minimizing
system utility loss in mind, the migration speed decision
should be evaluated according to the utility impact of the
migration process. The migration process will increase sys-
tem utility loss temporarily because it will compete with
application workloads for the already limited resources.
However, at the same time, migration will increase the long
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term system utility gain because the earlier the migration
process finishes, the earlier the system utility loss is saved.
The method also selects a plurality of potential migration
times at which the potential data items can be moved to the
potential data migration destinations (item 640). It is recog-
nized that items 630 and 640 could be performed simulta-
neously.

In item 650, the selecting of the plurality of the potential
data items for migration, the selecting of the plurality of
potential migration destinations, the selecting of the plurality
of potential migration speeds, and/or the selecting of the
plurality of potential migration times comprises predicting
future workload request rates and/or future system perfor-
mance based on historic workload demands, current work-
load demands, simulation models, device-specific informa-
tion, and/or expert input. As described above, time series
prediction, performance models, workload utility functions
are utilized as input parameters. Specifically, in regards to the
time series prediction, a future prediction engine is respon-
sible for predicting the future workloads demands. It takes
historic data as input and outputs predicted workload request
rates.

Additionally, in item 660, the selecting of the plurality of
the potential data items for migration, the selecting of the
plurality of potential migration destinations, the selecting of
the plurality of potential migration speeds, and/or the select-
ing of the plurality of potential migration times balances an
effect on the potential system utility gain of foreground task
migration and an effect on the potential system utility gain of
background task migration. The foreground task migration
and/or the background task migration is selected based on the
balancing. Following this, in item 670, the method calculates
potential system utility gain associated with different migra-
tion combinations of the potential data items, the potential
migration destinations, the potential migration speeds, and
the potential migration times.

Next, in item 680, a risk of system utility loss associated
with each of the migration combinations is evaluated. This
could involve, in item 682, calculating a probability of system
utility loss as a result of incorrectly predicting the future
workload request rates and/or the future system performance.
For example, the demand for W, was expected to be 10K
IOPS after 1 month, but it turns out to be 5K (the inverse of
this problem is handled reactively). A probability of system
utility loss as a result of selecting a migration combination
that results in system utility loss could also be calculated. For
example, moving data at 11 am in a weekday morning (during
high system utilization) has a higher risk compared to moving
the data at 9 pm on a weekend (during low system utilization).
Subsequently, in item 690, a migration combination is
selected from the migration combinations that has a highest
net system utility gain based on the potential system utility
gain and the risk of system utility loss.

The embodiments of the invention can take the form of an
entirely hardware embodiment, an entirely software embodi-
ment or an embodiment including both hardware and soft-
ware elements. In a preferred embodiment, the invention is
implemented in software, which includes but is not limited to
firmware, resident software, microcode, etc.

Furthermore, the embodiments of the invention can take
the form of a computer program product accessible from a
computer-usable or computer-readable medium providing
program code for use by or in connection with a computer or
any instruction execution system. For the purposes of this
description, a computer-usable or computer readable medium
can be any apparatus that can comprise, store, communicate,
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propagate, or transport the program for use by or in connec-
tion with the instruction execution system, apparatus, or
device.

The medium can be an electronic, magnetic, optical, elec-
tromagnetic, infrared, or semiconductor system (or apparatus
ordevice) or a propagation medium. Examples of'a computer-
readable medium include a semiconductor or solid state
memory, magnetic tape, a removable computer diskette, a
random access memory (RAM), aread-only memory (ROM),
arigid magnetic disk and an optical disk. Current examples of
optical disks include compact disk-read only memory (CD-
ROM), compact disk-read/write (CD-R/W) and DVD.

A data processing system suitable for storing and/or
executing program code will include at least one processor
coupled directly or indirectly to memory elements through a
system bus. The memory elements can include local memory
employed during actual execution of the program code, bulk
storage, and cache memories which provide temporary stor-
age of at least some program code in order to reduce the
number of times code must be retrieved from bulk storage
during execution.

Input/output (I/O) devices (including but not limited to
keyboards, displays, pointing devices, etc.) can be coupled to
the system either directly or through intervening I/O control-
lers. Network adapters may also be coupled to the system to
enable the data processing system to become coupled to other
data processing systems or remote printers or storage devices
through intervening private or public networks. Modems,
cable modem and Ethernet cards are just a few of the currently
available types of network adapters.

A representative hardware environment for practicing the
embodiments of the invention is depicted in FIG. 7. This
schematic drawing illustrates a hardware configuration of an
information handling/computer system in accordance with
the embodiments of the invention. The system comprises at
least one processor or central processing unit (CPU) 10. The
CPUs 10 are interconnected via system bus 12 to various
devices such as a random access memory (RAM) 14, read-
only memory (ROM) 16, and an input/output (I/O) adapter
18. The I/O adapter 18 can connect to peripheral devices, such
as disk units 11 and tape drives 13, or other program storage
devices that are readable by the system. The system can read
the inventive instructions on the program storage devices and
follow these instructions to execute the methodology of the
embodiments of the invention. The system further includes a
user interface adapter 19 that connects a keyboard 15, mouse
17, speaker 24, microphone 22, and/or other user interface
devices such as a touch screen device (not shown) to the bus
12 to gather user input. Additionally, a communication
adapter 20 connects the bus 12 to a data processing network
25, and a display adapter 21 connects the bus 12 to a display
device 23 which may be embodied as an output device such as
a monitor, printer, or transmitter, for example.

Accordingly, the embodiments of the invention provide a
method and system for large scale data migration in systems
that “never sleep” with the ability to optimize for current as
well as look-ahead states. The methods and systems herein
decide on invocation time with minimal impact on system
performance and prioritize the migration process as fore-
ground or background tasks based on utility impact. Further-
more, risk evaluations of different migration plans are per-
formed, as well as performance modeling and time-series
workload forecasts.

The foregoing description of the specific embodiments will
so fully reveal the general nature of the invention that others
can, by applying current knowledge, readily modify and/or
adapt for various applications such specific embodiments
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without departing from the generic concept, and, therefore,
such adaptations and modifications should and are intended
to be comprehended within the meaning and range of equiva-
lents of the disclosed embodiments. It is to be understood that
the phraseology or terminology employed herein is for the
purpose of description and not of limitation. Therefore, while
the embodiments of the invention have been described in
terms of preferred embodiments, those skilled in the art will
recognize that the embodiments of the invention can be prac-
ticed with modification within the spirit and scope of the
appended claims.

What is claimed is:

1. A method of planning data migration for maximizing
utility of a storage infrastructure that is running and actively
serving at least one application, said method comprising:

selecting a plurality of potential data items for migration

using a computer;

selecting a plurality of potential migration destinations to

which said potential data items can be moved using said
computer,

selecting a plurality of potential migration speeds at which

said potential data items can be moved using said com-
puter;
selecting a plurality of potential migration times at which
said potential data items can be moved to said potential
data migration destinations using said computer;

evaluating a risk of system utility loss associated with each
of said migration combinations using said computer;
and

selecting a migration combination from said migration

combinations based on said risk of system utility loss
using said computer.

2. The method according to claim 1, wherein at least one of
said selecting of said plurality of said potential data items for
migration, said selecting of said plurality of potential migra-
tion destinations, said selecting of said plurality of potential
migration speeds, and said selecting of said plurality of poten-
tial migration times comprises:

predicting at least one of future workload request rates and

future system performance based on at least one of his-
toric workload demands, current workload demands,
simulation models, device-specific information, and
expert input.

3. The method according to claim 2, wherein said evaluat-
ing of said risk comprises calculating a probability of system
utility loss as a result of incorrectly predicting at least one of
said future workload request rates and said future system
performance.

4. The method according to claim 1, wherein said evaluat-
ing of said risk comprises calculating a probability of system
utility loss as a result of selecting a migration combination
that results in system utility loss.

5. The method according to claim 1, wherein at least one of
said selecting of said plurality of said plurality of said poten-
tial data items for migration, said selecting of said plurality of
potential migration destinations, said selecting of said plural-
ity of potential migration speeds, and said selecting of said
plurality of potential migration times comprises:

balancing an effect on a potential system utility gain of

foreground task migration and an effect on said potential

system utility gain of background task migration, and
selecting at least one of said foreground task migration and

said background task migration based on said balancing.

6. The method according to claim 1, wherein said selecting
of said plurality of potential migration speeds comprises
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selecting a migration speed below a threshold speed, wherein
said threshold speed defines a maximum system utility loss
permitted.

7. A method of planning data migration for maximizing
utility of a storage infrastructure that is running and actively
serving at least one application, said method comprising:

selecting a plurality of potential data items for migration

using a computer;

selecting a plurality of potential migration destinations to

which said potential data items can be moved using said
computer,

selecting a plurality of potential migration speeds at which

said potential data items can be moved using said com-
puter;
selecting a plurality of potential migration times at which
said potential data items can be moved to said potential
data migration destinations using said computer;

calculating potential system utility gain associated with
different migration combinations of said potential data
items, said potential migration destinations, said poten-
tial migration speeds, and said potential migration times
using said computer;

evaluating a risk of system utility loss associated with each

of said migration combinations using said computer;
and

selecting a migration combination from said migration

combinations that has a highest net system utility gain
based on said potential system utility gain and said risk
of system utility loss using said computer.

8. The method according to claim 7, wherein at least one of
said selecting of said plurality of said potential data items for
migration, said selecting of said plurality of potential migra-
tion destinations, said selecting of said plurality of potential
migration speeds, and said selecting of said plurality of poten-
tial migration times comprises:

predicting at least one of future workload request rates and

future system performance based on at least one of his-
toric workload demands, current workload demands,
simulation models, device-specific information, and
expert input.

9. The method according to claim 8, wherein said evaluat-
ing of said risk comprises at least one of:

calculating a probability of system utility loss as a result of

incorrectly predicting at least one of said future work-
load request rates and said future system performance;
and

calculating a probability of system utility loss as a result of

selecting a migration combination that results in system
utility loss.

10. The method according to claim 7, wherein at least one
of said selecting of said plurality of said potential data items
for migration, said selecting of said plurality of potential
migration destinations, said selecting of said plurality of
potential migration speeds, and said selecting of said plurality
of potential migration times comprises:

balancing an effect on said potential system utility gain of

foreground task migration and an effect on said potential

system utility gain of background task migration, and
selecting at least one of said foreground task migration and

said background task migration based on said balancing.

11. The method according to claim 7, wherein said select-
ing of said plurality of potential migration speeds comprises
selecting a migration speed below a threshold speed, wherein
said threshold speed defines a maximum system utility loss
permitted.
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12. A method of planning data migration for maximizing
utility of a storage infrastructure that is running and actively
serving at least one application, said method comprising:

selecting a plurality of potential data items for migration

using a computer;

selecting a plurality of potential migration destinations to

which said potential data items can be moved using said
computer,

selecting a plurality of potential migration speeds at which

said potential data items can be moved using said com-
puter;
selecting a plurality of potential migration times at which
said potential data items can be moved to said potential
data migration destinations using said computer;

calculating potential system utility gain associated with
different migration combinations of said potential data
items, said potential migration destinations, said poten-
tial migration speeds, and said potential migration times
using said computer,

wherein at least one of said selecting of said plurality of

said potential data items for migration, said selecting of
said plurality of potential migration destinations, said
selecting of said plurality of potential migration speeds,
and said selecting of'said plurality of potential migration
times comprises predicting at least one of future work-
load request rates and future system performance based
on at least one of historic workload demands, current
workload demands, simulation models, device-specific
information, and expert input;

evaluating a risk of system utility loss associated with each

of said migration combinations using said computer;
and

selecting a migration combination from said migration

combinations that has a highest net system utility gain
based on said potential system utility gain and said risk
of system utility loss using said computer.

13. The method according to claim 12, wherein said evalu-
ating of said risk comprises at least one of:

calculating a probability of system utility loss as a result of

incorrectly predicting at least one of said future work-
load request rates and said future system performance;
and

calculating a probability of system utility loss as a result of

selecting a migration combination that results in system
utility loss.

14. The method according to claim 12, wherein at least one
of' said selecting of said plurality of said potential data items
for migration, said selecting of said plurality of potential
migration destinations, said selecting of said plurality of
potential migration speeds, and said selecting of said plurality
of potential migration times comprises:

balancing an effect on said potential system utility gain of

foreground task migration and an effect on said potential

system utility gain of background task migration, and
selecting at least one of said foreground task migration and

said background task migration based on said balancing.

15. The method according to claim 12, wherein said select-
ing of said plurality of potential migration speeds comprises
selecting a migration speed below a threshold speed, wherein
said threshold speed defines a maximum system utility loss
permitted.

16. A computer program product comprising computer
readable program code stored on computer readable storage
medium embodied therein for performing a method of plan-
ning data migration, said method comprising:



US 7,752,239 B2

17
selecting a plurality of potential data items for migration;

selecting a plurality of potential migration destinations to
which said potential data items can be moved;

selecting a plurality of potential migration speeds at which
said potential data items can be moved;

selecting a plurality of potential migration times at which
said potential data items can be moved to said potential
data migration destinations;

calculating potential system utility gain associated with
different migration combinations of said potential data
items, said potential migration destinations, said poten-
tial migration speeds, and said potential migration
times;

evaluating a risk of system utility loss associated with each
of said migration combinations; and

selecting a migration combination from said migration
combinations that has a highest net system utility gain
based on said potential system utility gain and said risk
of system utility loss.

17. The computer program product according to claim 16,
wherein at least one of said selecting of said plurality of said
potential data items for migration, said selecting of said plu-
rality of potential migration destinations, said selecting of
said plurality of potential migration speeds, and said selecting
of said plurality of potential migration times comprises:

predicting at least one of future workload request rates and

future system performance based on at least one of his-
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toric workload demands, current workload demands,
simulation models, device-specific information, and
expert input.

18. The computer program product according to claim 16,
wherein said evaluating of said risk comprises at least one of:

calculating a probability of system utility loss as a result of

incorrectly predicting at least one of said future work-
load request rates and said future system performance;
and

calculating a probability of system utility loss as a result of

selecting a migration combination that results in system
utility loss.

19. The computer program product according to claim 16,
wherein at least one of said selecting of said plurality of said
potential data items for migration, said selecting of said plu-
rality of potential migration destinations, said selecting of
said plurality of potential migration speeds, and said selecting
of said plurality of potential migration times comprises:

balancing an effect on said potential system utility gain of

foreground task migration and an effect on said potential

system utility gain of background task migration, and
selecting at least one of said foreground task migration and

said background task migration based on said balancing.

20. The computer program product according to claim 16,
wherein said selecting of said plurality of potential migration
speeds comprises selecting a migration speed below a thresh-
old speed, wherein said threshold speed defines a maximum
system utility loss permitted.
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